Ab-initio calculations of physical properties of alkali chloride XCl (X = K, Rb and Li) under pressure  by Erdinc, Bahattin et al.
lable at ScienceDirect
Computational Condensed Matter 4 (2015) 6e12Contents lists avaiComputational Condensed Matter
journal homepage: http: / /ees.elsevier .com/cocom/defaul t .aspRegular articleAb-initio calculations of physical properties of alkali chloride XCl
(X ¼ K, Rb and Li) under pressure
Bahattin Erdinc a, *, Mehmet Nurullah Secuk a, Murat Aycibin a, Sinem Erden Gülebagan b,
Emel Kilit Dogan a, Harun Akkus a
a Department of Physics, Faculty of Science, Yuzuncu Yil University, 65080, Van, Turkey
b Department of Electric Program, Vacational School of Van, Yuzuncu Yil University, 65080, Van, Turkeya r t i c l e i n f o
Article history:
Received 8 April 2015
Received in revised form
11 May 2015
Accepted 12 May 2015
Available online 14 May 2015
Keywords:
Alkali chloride
DFT
Electronic band structure
Optical and dynamic properties* Corresponding author.
E-mail address: bahattinerdinc@yyu.edu.tr (B. Erd
http://dx.doi.org/10.1016/j.cocom.2015.05.001
2352-2143/© 2015 The Authors. Published by Elseviera b s t r a c t
Structural properties, electronic band structure, real and imaginary parts of complex dielectric function
of alkali chloride XCl (K, Rb and Li) compounds were investigated under various pressures using ﬁrst
principles calculations. Moreover, Gibbs free energies were also calculated at those pressures. Calculated
results of the Gibbs free energy show that LiCl does not show any structural phase transition. However,
structural phase transitions of KCl and RbCl occur from NaCl (B1) to CsCl (B2) at 4.5 and 1.7 GPa pressures,
respectively. The electronic band gaps under pressure were also calculated. The calculated physical
properties of these compounds are compared with the previous theoretical and experimental results and
a good agreement was observed.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
In recent years, the study of structural phase transition
behavior of materials under various pressures has become quite
interesting due to discovery of new crystal structures. A large
number of studies on alkali halide materials have focused on un-
derstanding of physical properties and practical application of
these materials. The structural phase transition in alkali halides
has been subject of many theoretical and experimental studies.
Detailed theoretical investigations on B1 (NaCl) to B2 (CsCl) phase
transition in alkali halides were performed [1e5]. The variation of
physical properties of materials such as crystal structure, elec-
tronic and dynamic band structure, density of states of electron
and phonon, elastic, optic and dynamic properties with pressure
has attracted more attention. The behavior of materials under
pressure has become quite interesting due to the discovery of
band-overlap metallization, new crystal structures, soft-modeinc).
B.V. This is an open access article utransition and technological applications. To investigate their
structural and electronic properties, extensive theoretical and
experimental studies have been made on alkali halides crystals.
Among them, determining the state of structural phase transition
of alkali halides from B1 (NaCl) to B2 (CsCl) under different
pressures has attracted much attention for several decades due to
the fact that these two structures of alkali halides are simple and
highly ionic.
Alkali chloride XCl (X ¼ K, Rb and Li) compounds having NaCl
(B1) type structure are typical ionic crystals, which were exten-
sively studied under different pressures [6e32]. It was shown that
these materials transformed to CsCl (B2) type of structure [5] under
pressure. The structural, electronic, optical, dynamic, elastic and
thermodynamic properties of XCl (X¼ K, Rb and Li) compounds as a
function of temperature and pressure were investigated by various
theoretical and experimental methods [6e54]. The mechanical
properties of KCl crystal were investigated using the pulse method
[55]. The equilibrium properties of KCl and RbCl crystals were
calculated based on the quasi-harmonic lattice-dynamic method
and the unsmeared Lennard-Jones-Devonshire cell model [56]. The
energy distributions of LiC1 and KC1 compounds at photon en-
ergies 12e23 eV were obtained with photoemission measurements
method [57].nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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and optical properties of XCl (X ¼ K, Rb and Li) crystals under
pressure have not been investigated systematically using DFT.
Therefore, we calculated the physically properties such as stability
lattice constant, structural phase transition, Gibbs free energy, band
gap, real and imaginary parts of complex dielectric function of
these crystals in NaCl structure.2. Method of calculation
In this work, the physical properties of alkali chloride XCl (X¼ K,
Rb and Li) materials were studied using ABINIT [58] code based onFig. 1. Total energy-volume, Gibbs free energy-pressure and volume-pressure graphics for alkali chloride KCl, RbCl and LiCl.the plane wave pseudo-potential method in the framework of DFT.
The norm-conserving GGA pseudo-potentials of K, Rb, Li and Cl
elements were generated in the scheme of Per-
deweBurkeeErnzerhof [59]. The electronic conﬁgurations of
valence electrons of these elements are taken as 4s1 for K, 5s1 for
Rb, 1s22s1 for Li and 3s23p5 for Cl. In ABINIT code calculations, cut-
off energy was found as 45 Hartree for KCl and 40 Hartree for both
RbCl and LiCl materials using 10  10  10 grid Monkorhorst-Pact
k-point mesh [60]. To obtain the most stable structure of alkali
chloride crystals, structural optimizations based on dependence of
total energy on unit cell volume were performed (Fig. 1) and lattice
constants were obtained.
Table 1
Lattice constants of KCl, RbCl and LiCl at zero pressure from various references.
Compound Structure Lattice constant ð _AÞ Reference
KCl (NaCl) B1 6.11 This work
6.29 Experimental [61]
6.08 Theory [19]
KCl (CsCl) B2 3.67 This work
3.91 Theory [62]
RbCl (NaCl) B1 6.36 This work
6.58 Experimental [61]
6.39 Theory [19]
RbCl (CsCl) B2 3.77 This work
3.99 Theory [62]
LiCl (NaCl) B1 5.13 This work
5.08 Experimental [61]
4.98 Theory [19]
LiCl (CsCl) B2 3.27 This work
3.27 Theory [62]
Fig. 2. Energy band structure and density of states for KCl, RbCl and LiCl at zero
pressure.
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3.1. Structural properties
The space group of face center ed cubic alkali chloride crystals
is Fm3m and contains two atoms per primitive unit cell. The
stability and physical properties of a material are determined by
its total energy, for example, the equilibrium lattice parameter of
a crystal corresponds to minimum total energy. The total energies
as a function of volume of B1and B2 structures of XCl (X ¼ K, Rb
and Li) compounds were investigated around experimental [61]
and theoretical lattice [19] constants using GGA approximation.
The obtained results are shown in Fig. 1. The equilibrium lattice
constants have been computed by minimizing the total energies
of the compounds calculated at different volumes for XCl in NaCl
to B1 structure-type (X: 0.0, 0.0, 0.0; Cl: 0.5, 0.5, 0.5; space group
Fm-3m (225)) and in CsCl-B2 structure-type (X: 0.0, 0.0, 0.0; Cl:
0.5, 0.5, 0.5; space group Pm-3m (221)). The obtained values of
lattice constant of these crystals are given in Table 1. As seen in
Table 1, our obtained results are in good agreement with exper-
imental and previous theoretical studies. The difference between
experimental and calculated results of the lattice parameters of
KCl, RbCl and LiCl are %2, %3 and %0.9, respectively. These ob-
tained theoretical lattice constants were used for the rest of our
calculations. The calculated total energy indicates that the NaCl
(B1) structure-type is the most stable structure for XCl com-
pounds. Furthermore, the structural properties of XCl (X ¼ K, Rb
and Li) compounds were analyzed in various pressures and
plotted in Fig. 1. The structural phase transition induced by
pressure from B1 to B2 is obtained from Gibbs free energies at
0 K. In Fig. 1, the obtained Gibbs free energy calculations under
pressure show that KCl and RbCl undergo structural phase tran-
sition from B1 to B2, LiCl does not show any structural phase
transition. The obtained values of structural phase transitionTable 2
Structural phase transition pressures for alkali chloride KCl, RbCl and LiCl.
Compound P (GPa) Phase transition Reference
KCl 4.5 B1/B2 This work
2.08 B1/B2 Experimental [63]
2.32 B1/B2 Theory [15]
3.4 B1/B2 Theory [5]
RbCl 1.71 B1/B2 This work
0.55 B1/B2 Experimental [54]
1.71 B1/B2 Theory [5]pressures of these crystals are given in Table 2. The structural
phase transitions of KCl and RbCl from B1 to B2 are at 4.5 and
1.7 GPa pressures, respectively. As seen from Table 2, these values
are very close to previous theoretical values. However, the ob-
tained results are higher than the experimental ones.3.2. Electronic band structure and density of states
It is well known that the electronic band structure and density
of states (DOS) are important quantities to determine the crystal
structure. To investigate properties of solids, it is essential to
understand electronic band structure and DOS at various pres-
sures. Using the obtained lattice constants, the energy band
structures were investigated through various high-symmetry
points G, L, U, X, G, K, W and X. 110 k points were found in the
Brillouin zone and the energy band graphs were plotted using k
points. The obtained energy band structures at zero pressure are
plotted in Fig. 2. If one analyses the electronic band structures
belonging to compounds, it is easily seen that there are many
dispersions both in valance states and conduction states. First, ifTable 3
Obtained and experimental results for band gaps in eV at various pressure of alkali
chloride.
KCl RbCl LiCl
GPa 0 2 4 6 0 2 4 6 0 5 10 15
Cal. 5.5 5.8 6.0 6.3 5.4 5.7 5.9 6.1 6.3 7.0 7.6 8.1
Thy. [19] 5.1 5.7 7.5
Exp. [31] 7.2 7.3 9.4
Fig. 3. Band gap variations alkali chloride in various pressure.
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located at 0 eV, while the bottom valance bands are at 12.2,
-12.1 and 13.4 eV at the G point for KCl, RbCl and LiCl, respec-
tively. In addition, the upper valance bands have three degen-
erate levels at the G point. Second, the conduction band
dispersions at G point; for KCl compound is located at energies
5.5 and 8.6 eV, for RbCl is located at 5.4 and 8.1 eV and for LiCl is
at energies of 6.3 and 11.8 eV.
The DOS corresponding to the calculated energy band structures
are also given in Fig. 2. At zero pressure, the obtained band gap
values are compatiblewith the experimental and theoretical results
as given in Table 3. It is well known that when pressure increases,
value of band gap also increases, which is conﬁrmed by our results
as well. The energy dispersions of the top valance band the bottomTable 4
Energy dispersion of the top valance band and the bottom conduction band of alkali chl
KCl RbCl
GPa 0 2 4 6 0 2
EG-G 5.49 5.81 6.04 6.27 5.36 5.66
EL-L 7.81 8.06 8.14 8.39 8.31 8.64
EU-U 7.79 7.84 7.87 7.88 7.28 7.31
EX-X 7.03 6.98 6.92 6.86 6.34 6.23
EK-K 7.79 7.84 7.87 7.88 7.28 7.31
EW-W 8.74 8.91 9.01 9.10 8.23 8.34
EG-L 7.54 7.74 7.88 7.99 7.95 8.21
EG-U 7.46 7.47 7.46 7.44 7.00 6.99
EG-X 6.70 6.61 6.53 6.44 6.15 6.04
EG-K 7.46 7.47 7.46 7.44 7.00 6.99
EG-W 8.26 8.36 8.41 8.45 7.82 7.90
EL-U 7.73 7.79 7.88 7.84 7.36 7.42
EL-X 6.97 6.93 6.89 6.84 6.51 6.47
EL-K 7.73 7.79 7.82 7.84 7.36 7.42
EL-W 8.53 8.68 8.77 8.84 8.19 8.33
EU-X 7.03 6.99 6.94 6.88 6.43 6.36
EU-K 7.79 7.84 7.87 7.88 7.28 7.31
EU-W 8.59 8.74 8.82 8.89 8.10 8.22
EX-K 7.79 7.84 7.86 7.86 7.19 7.19
EX-W 8.59 8.73 8.81 8.87 8.01 8.10
EK-W 8.59 8.74 8.82 8.89 8.10 8.22conduction band in various pressures are calculated and plotted in
Fig. 3 and given in Table 4. The plot of energy band gap versus
pressure for XCl compounds are shown in Fig. 4. Calculated results
show that these compounds are insulators and have a direct band
gap at G high-symmetry point in the Brillouin zone (see Table 5).3.3. Optical properties
The complex dielectric function contains real (ε1) and imaginary
(ε2) parts. The real part of complex dielectric function can be ob-
tained from the imaginary part using the Kramers-Kronig relations
[64]. The behavior of real and imaginary parts of dielectric function
of alkali chloride depending on photon energy under various
pressures were calculated and plotted in Fig. 5. Since crystals areoride at various pressures (in eV units).
LiCl
4 6 0 5 10 15
5.91 6.09 6.26 7.03 7.61 8.13
8.88 9.06 6.96 7.13 7.22 7.30
7.32 7.32 8.85 9.12 9.28 9.40
6.13 6.05 8.90 9.38 9.38 9.37
7.32 7.32 8.85 9.12 9.28 9.40
8.41 8.44 10.53 11.20 11.65 12.03
8.39 8.52 6.71 6.81 6.86 6.90
6.97 6.94 8.02 8.09 8.09 8.07
5.94 5.85 7.80 8.02 7.81 7.62
6.97 6.94 8.02 8.09 8.09 8.07
7.95 7.97 9.46 9.90 10.17 10.40
7.46 7.48 8.27 8.40 8.45 8.47
6.43 6.39 8.05 8.33 8.17 8.02
7.46 7.48 8.27 8.40 8.45 8.47
8.44 8.51 9.71 10.22 10.53 10.80
6.29 6.22 8.63 9.05 9.00 8.95
7.32 7.32 8.85 9.12 9.28 9.40
8.30 8.35 10.29 10.93 11.36 11.73
7.17 7.14 9.12 9.45 9.66 9.82
8.15 8.17 10.56 11.27 11.74 12.14
8.30 8.35 10.29 10.93 11.36 11.73
Fig. 4. Band gap-pressure graphs of alkali chloride crystal of KCl, RbCl and LiCl.
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sors exists for these compounds. Therefore, optical responses of
these compounds have similar behaviors for polarized light along
the crystal axes directions. Thus, the investigation of one dielectric
tensor component for these compounds is enough to optical
properties. The calculated static dielectric constants of alkali chlo-
ride at different pressure are given in Table 3. As seen in Table 3, the
static dielectric constants of these compounds increase with pres-
sure. The real part (ε1) of dielectric functions for all XCl alkali
chloride increases continuously in 0.0e7.3 eV energy range at
various pressures. This state is characterized by a normal disper-
sion. However, ε1 for these compounds decreases more quickly
starting from 7.3 eV to larger energies and this state is characterized
by an anomalous dispersion. The real parts of the dielectric function
for three compounds are equal to zero in various energy values
under pressure and these zero values (ε10) of real parts of dielectric
function are given in Table 3. These zero points of the real parts
mean that the inter-band transitions consist mostly of plasmon
excitations. Fig. 5 shows that optical absorptions of alkali chloride
increase in 5e9 eV energy range under various pressures. Then, the
optical absorption decreases more quickly starting from 9 eV toTable 5
Static (ε0) and real (ε10 (eV)) dielectric constants of alkali chloride at various pressures.
KCl RbCl
GPa 0 2 4 6 0 2
ε0 2.29 2.35 2.40 2.45 2.19 2.2
ε0 [65] 2.13 2.19
ε10 11.12
12.56
16.54
18.00
11.52
13.04
17.09
18.61
11.76
13.39
17.46
19.00
11.97
13.69
17.83
19.31
11.19
12.30
17.15
17.28
11.3
12.8larger energies. There are many peaks in the higher and lower
photon energy regions in the imaginary parts of dielectric func-
tions. These peak values correspond to electronic transition from
valence band to conduction band or correspond to the peaks of
DOS. The imaginary parts of dielectric functions also show that
there is strong reﬂection more quickly starting from 11 eV to larger
energies.4. Conclusion
The structural properties, energy band structure, real and
imaginary parts of dielectric functions of XCl (X ¼ K, Rb and Li)
crystals were investigated systematically at various pressure values
using DFT in ABINIT code. The obtained results show that the alkali
chloride of KCl and RbCl crystals have a structural phase transition
in 4.5 and 1.71 GPa, respectively. LiCl compound did not show any
structural phase transition in high pressure. The calculated elec-
tronic band structures show that these crystals are non-conductive.
Obtained results are in good agreement with previous theoretical
and experimental results.LiCl
4 6 0 5 10 15
6 2.32 2.36 3.14 3.33 3.46 3.58
2.75
9
7
11.58
13.28
11.71
13.58
10.75
16.41
20.31
21.41
10.62
19.46
21.75
22.55
10.73
20.38
22.77
23.36
10.38
10.69
10.80
21.07
22.23
22.42
23.64
24.03
Fig. 5. The real (ε1) and imaginary (ε2) parts of alkali chloride XCl (X ¼ K, Rb and Li) under pressure.
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